A solar water desalination unit was built and tested. The unit mainly consists of an inclined black plate, glass cover, and condenser. On the black plate, metallic strips were attached, which act as heating fins in order to increase water residence time and increase evaporation area. The evaporation was enhanced by blowing air through the unit carrying the water vapor. The water vapor-air mixture was passed through a condenser, in which fresh water was obtained. The unit productivity, defined as the volume of fresh water obtained per unit area times unit time, was measured and presented. The results showed that the unit is capable of producing 0.2 l/m 2 -hr with an average water electrical conductivity of 52 mS/cm and hot water of about 60oC. It was found that the productivity drops by 21% when the feed water salinity is increased to 20000 ppm. The experimental results showed that the countercurrent mode of operation enhances the unit productivity by 30%. Recycling the air out of the condenser to the unit improved its productivity by 3.6-fold (360%). Performing mass and energy balance around the condenser to predict the productivity of the unit showed an excellent agreement between the theoretical and the experimental results.
INTRODUCTION
One of the most challenging human kind survival issues is lack of potable water. This is more pronounced in areas such as the Middle East and North Africa (MENA) region. The ever-increasing population and the severe shortage of potable water resources in the MENA region countries put a great obstacle in the way of development and prosperity of these countries.
To address this issue, most countries in this area depend on seawater desalination and underground water to fulfill the ever-increasing water demand. The limited natural and underground water sources limit desalination technologies to those of high energy utilization such as membrane (RO) and thermal (MED, MVC, and MSF) desalination methods (Kalogirou, 2005) .
To this end, this research focused on developing energy efficient and environmental friendly technologies that can assist or replace (if possible) conventional water production facilities (Pugsley et al., 2016) .
The lack of energy resources for driving these desalination technologies dictates the search for renewable and sustainable alternatives. Solar heating energy is one of the best alternatives in this regard as it is boundless, clean, and readily available all over the globe. This abundant source of energy is inadequately utilized especially in areas of low population and wide open areas such as the MENA region (El-Sebai, 2015) . For these countries, solar energy can be economically used to fulfill the daily requirements of small families. Solar stills have shown a great promise in this aspect due to their simple design, reasonable production rate, and economical practical implementation.
The idea of using solar stills for producing water dates back to the mid of the fifteenth century, and the first practical design was built by Charles Wilson in 1872 to supply fresh water to the mining industry (Frick et al., 1973) . Since then, many improvements on the design and complication of the still were introduced and evaluated (Durkaieswaran, 2015) .
In its simplest form, the solar still is composed of a single-basin, which has a very basic design and is easy to operate and maintain. However, this design attains very low yield that is mainly governed by the solar radiation intensity, which varies considerably by season and location.
The still operates by utilizing direct solar energy for heating water in a closed enclosure. The evaporated water accumulates and condenses on the glass collector on top of the still and is then collected. The collected water will be pure from any impurities, salts, or biological micro-species.
The thermal performance of the solar still was improved by introducing a diversity of enhancements and modifications basically to increase the surface contact area and minimize heat losses. These modifications involved the basic structural parts of the still as well as the use of finned, corrugated, stepped, tubular, or multi-effect designs (Sampathkumar et al., 2010; Salah et al., 2008; Velmurugan et al., 2008; Shanmugan et al., 2008; Tiwari et al., 1998) . Considerable enhancement in the solar still economy and productivity was achieved by these new designs so far. However, a lot of further advances need to be achieved in order to have more practical and affordable still designs. Falling film desalination units improved the performance of solar stills (Kalidasa et al., 2011; Abu Arabi et al., 2009) due to the enhancement of the evaporation process as a result of the movement of water. The productivity can further be improved if the water is uniformly distributed on the surface of the collector (black surface) and the feed water flow rate is reduced (Abu Arabi et al., 2009; Aybar et al., 2005) . Reducing the flow of the feed water makes it difficult to distribute the water uniformly as a film. To overcome this problem, Al-Otoom et al. (2015) designed and tested a unit in which a uniform film is achieved by introducing a continuously rotating belt that acts as a solar collector. The belt sinks through the basin carrying the water as a film, and then the film evaporates as the belt rotates. A productivity of 0.5 l/m2-hr in hot weather conditions was achieved. Another problem such units face is the condensation of the water vapor on the glass surface leading to the attenuation of the sun radiation, hence reducing productivity. Abu Arabi et al. (2017) utilized the same unit designed by Al-Otoom (2015) to desalinate water. They improved its performance by withdrawing the evaporated water and condensing it in an external condenser. The withdrawn air-water vapor mixture was discharged to the surrounding after being condensed in the condenser. A production of 9 l/day was achieved. On the other hand, Venkatasamy and coworkers (2017) enhanced the productivity of an inclined solar still using a baffled plate placed on the inclined surface. They stated that the unit was capable of producing 3.5 kg/m2-day. Mousa and coworkers (2016) performed a theoretical analysis to predict the productivity of solar stills involving a phase change material (PCM). Their theoretical analysis showed that the productivity is a function of the type and quantity of the PCM. In an attempt to improve the productivity of the conventional solar still, Ramanathan et al. ( 2017) embedded a flat mica plate just parallel to the glass cover of the solar still. This modification resulted in increasing the temperature inside the still from 67 °C to 95 °C and increasing the distillate output by 25%. However, the distribution of water in the bare absorber plate was not uniform, which limited the possible solar cell productivity improvement.
In this work, a plate-like desalination unit enhanced by air flow to produce fresh water and hot water is designed and tested under different operational conditions including feed water flow rate, solar intensity, and different ambient conditions. The evaporated water is carried out and condensed in an external condenser. The unit was tested for the case when the air is discharged to the surroundings after being cooled in the condenser (open circle) or recycled to the unit (closed circle). This work involved the novel addition of metallic strips on the black plate of the still. These strips served two important roles. Firstly, they contributed as heating fins, which resulted in maximizing the evaporation area available in the still, and secondly, the new water flow geometry attained by these fins increased water residence time. This still presents a preliminary fundamental design that can be improved further in future work.
Experimental Setup
The improved solar still is illustrated schematically in Fig.1 . The feed water tank is filled with water supply with its level controlled by the included float. A relevant feed flow rate is adjusted through the feed valve to the inlet of the condenser. The water flows through the condenser, then exits as a feed to the solar absorber box, which is adjusted with an inclination angle of 23º. The absorber box has the dimensions of "0.6m´0.6m´0.15m" with its outside surface being made of glass that can be opened for regular maintenance. The absorber surface facing sun is equipped with (30) parallel fin perpendicular to the surface of the plate, each with the dimensions of "0.6m length and 0.02m height" and placed 0.02m apart. As water enters the box, it fills the parallel fin channels and goes to the fin beneath it through a hole (6 mm) and so on making a zigzag rout until it reaches the box exit and is collected at the hot water tank. In this zigzag motion, the water travels 18 m, and hence it flows longer in the unit giving it longer time to evaporate leading to higher productivity. The hot water leaving the unit can be recycled as a feed supply or used as a hot water for domestic use. With the aid of a vacuum pump (Edwards 2-stage type), the vapor collected in the box is pumped to the countercurrent stream of the condenser. Then it gets cooled down and converted to liquid that can be collected in the fresh water product tank. On the other hand, the uncondensed vapor from the condenser is returned back to the absorber box through the exit split assembly shown in the zoomed figure portion labeled 7 in Fig.1 .
Experimental Runs
The experiments were run by allowing the feed water to enter the condenser to cool the airwater vapor withdrawn from the unit. It is then allowed to enter the top first lip of the unit at a specified flow rate. The water moves along each fin and transfers to the next. As it moves, its temperature increases and reaches its maximum at the exit of the unit where it is collected as hot water. The vapor accumulates in the space between the fins and the glass cover and is withdrawn by a vacuum pump where it is cooled in a glass condenser. The condensate is collected as fresh water. The experiments were carried out in two modes: in the first mode, the air is discharged to the surroundings, while in the second mode, it is recycled to the bottom end of the unit. The reason for this is to see the effect of air recycling to the unit. It should be added that the air and water are contacted in the condenser either in concurrent or countercurrent modes. The effects of the following parameters on the unit productivity were investigated: air recycling, air-water contact in the condenser (concurrent or countercurrent modes), solar irradiation intensity, ambient weather conditions, and feed water salinity. In the following section, these effects are discussed. Table 1 shows experimentally measured amount of fresh water presented as l/m2-hr at a water feed flow rate of 2.52 l/hr. The table also shows the average ambient temperature and the ambient air relative humidity. It can be seen that, on average, 0.2 l/h-m2 is produced by this unit. The table also shows that as the air relative humidity decreases, the production increases (see Fig. 2 ). The flux of water from the water-air interface to the bulk air is N=ky(yi-y), where yi and y are the mole fraction of water at the water-air interface and the bulk air. Therefore, as the relative humidity increases, hence y, the driving force for evaporation (yi-y) decreases resulting in a drop in the unit productivity. The electrical conductivity of the fresh water produced was measured to be 52 mS/ cm. The average temperature of the hot water produced was 53.8oC. 
Results and Discussion

Effect of Operation Mode
Air was admitted to the unit from the left side bottom of the unit. It carries the water vapor and then passes in the shell side of the condenser. In the condenser, the feed water is used to cool the air-water vapor mixture. The condensed water is withdrawn from the bottom side of the condenser as fresh water. The water and the air streams can be contacted either in a concurrent (co-current) or countercurrent mode. In the countercurrent flow mode, air enters from top in the shell side of the condenser, and feed water enters from the bottom in the tube side. In the concurrent mode of operation, air-water vapor mixtures and feed water enter in the same direction (both from the bottom).
The reason for testing the concurrent mode of operation is to see if sudden cooling has any effect on water productivity. The results are depicted in Fig. 3 . It can be seen that, in the countercurrent method of cooling, the air-water vapor mixture gave larger productivity. In fact, an increase of about 30% in fresh water productivity is achieved using countercurrent mode of operation.
Effect of Air Circulation
Earlier experiments were performed by withdrawing the air-water vapor mixture from the unit, cooling it, and then discharging the cooled air to the surroundings (open circle). To test the effect of circulating the discharged air to the unit on its productivity, the discharged air was connected to the point at which the air is admitted to the unit (closed circle). The status of the air-water vapor mixture at the different points of the unit for the open circle and closed circle case is illustrated on the psychometric chart shown below (Fig. 4) . Circulating the discharged air to the unit had appreciable effect on the unit productivity as can be seen in Fig. 5 , where it can be seen that the productivity increased by 3.4-fold (the productivity of the unit increased from 0.5 to 1.7 l/m2). The reason for this improvement may be attributed to the fact that cooling of the unit when ambient air is introduced is avoided by circulating the air. In addition, in the closed circle case, the returned air is usually saturated since excess water is condensed (point 1) on Fig. 4-b , and as it enters the unit it heats up, reducing its relative humidity (point 2), which enhances evaporation as the driving force for mass transfer represented by the difference between the humidity at the water air interface and the bulk air humidity increases. Therefore, cooling the air to a temperature below the dew point and recirculating it to the unit ensure that no water is lost to the surroundings. These points improved the unit's productivity. 
Effect of Water Salinity
The experiment was performed with water salinity of 20000 ppm and was compared to those performed on tap water. The salinity was adjusted by adding NaCl salt to the water. The results showed that the production dropped from 0.28 l/m2-h to 0.16 l/m2-h. Note that the weather conditions for both experiments were similar (the average ambient temperature and % humidity for the tap water experiment and the saline water experiment were 42.5oC, %H=23% and 42.25oC and %26, resp.).
Theoretical Analysis
Energy and mass balances can be carried out either around the whole unit (solar collector and condenser), around the solar collector, or around the condenser to estimate the production rate of fresh water. In this work, mass and energy balance was performed around the condenser. Consider the condenser as shown in Fig. 6 . An energy balance around the condenser gives (1) where W is the water flow rate, H W,in = C p (T w,in -T r ) is the enthalpy of the water entering the condenser (kJ/hr), H W,out = C p (T w,out -T r ) is the enthalpy of the water leaving the condenser (kJ/ hr), C p is the heat capacity of water=4.2 kJ/kg. o C, Tr is the reference temperature, 25oC, D is the rate of fresh water produced (kg/hr), HD=C p (T D -T r ) is the enthalpy of fresh water produced (kJ/ hr), Q loss is the heat loss (kJ/hr) from the condenser to the surroundings and assumed zero since the condenser is well insulated, G is the dry air flow rate (kg dry air/hr), and H G,in and HG,out are enthalpies of air entering and leaving the condenser kJ/kg dry air and given by Treybal (1981) The above equation was integrated into MATLAB using Runga-Kutta 4th order ODE solver. The mass flow rate of water, W, and air, G, were 10.8 kg/hr and 8.03 kg/hr, respectively. A comparison between the experimentally measured fresh water produced by the unit to the theoretically calculated ones is shown in Fig. 8 . A good agreement between the results was found. It should be mentioned that the small discrepancies between the theoretical and the experimental results are because of neglecting the heat loss from the system. 
Conclusion
Solar water desalination using a novel plate-like desalination unit enhanced by air flow was constructed and tested. The effect of various parameters such as solar irradiation, ambient weather conditions, air circulation, and contact mode in the condenser on the productivity of the unit expressed as the amount of fresh water produced per unit area per hour was investigated. The experimental results showed that the productivity of the unit increases when a closed air circuit and countercurrent air-water contact in the condenser are used and when the solar irradiation intensity is high. On the other hand, higher air humidity was noticed to reduce the unit productivity since the driving force for evaporation drops. An equation to predict the unit productivity was derived by performing energy balance around the condenser. An excellent agreement between the experimental and the theoretical results was obtained. It should be mentioned that the condenser design plays an important role in determining the unit productivity. The design should ensure enough surface area to increase water condensation and, hence, unit productivity.
